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As a type of accident-tolerant fuel, fully ceramicmicroencapsulated (FCM) fuelwas proposed
after the Fukushima accident in Japan. The FCM fuel consists of tristructural isotropic par-
ticles randomly dispersed in a silicon carbide (SiC) matrix. For a fuel element with such high
heterogeneity, we have proposed a two-temperature homogenizedmodel using the particle
transport Monte Carlo method for the heat conduction problem. This model distinguishes
between fuel-kernel and SiC matrix temperatures. Moreover, the obtained temperature
profiles are more realistic than those of other models. In Part I of the paper, homogenized
parameters for the FCM fuel inwhich tristructural isotropic particles are randomly dispersed
in the fine lattice stochastic structure are obtained by (1) matching steady-state analytic
solutions of the model with the results of particle transport Monte Carlo method for heat
conduction problems, and (2) preserving total enthalpies in fuel kernels and SiCmatrix. The
homogenized parameters have two desirable properties: (1) they are insensitive to boundary
conditions such as coolant bulk temperatures and thickness of cladding, and (2) they are
independent of operating power density. By performing the Monte Carlo calculations with
the temperature-dependent thermal properties of the constituentmaterials of the FCM fuel,
temperature-dependent homogenized parameters are obtained.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).ho).
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Fig. 2 e Configuration of the FCM fuel [2,18]. FCM, fully
ceramic microencapsulated. Reproduced from K.A. Terrani,
L.L. Snead, J.C.Gehin,Microencapsulated fuel technology for
commercial light water and advanced reactor application, J.
Nucl. Mater. 427 (2012) 209e224, copyright at Elsevier, 2012
and from Y. Lee, N.Z. Cho, Steady- and transient-state
analyses of fully ceramic microencapsulated fuel loaded
reactor core via twotemperature homogenized thermal-
conductivity model, Ann. Nucl. Energy 76 (2015) 283e296,
copyright at Elsevier, 2015.
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The recent events at three of the Japanese Fukushima Daiichi
reactorshavesparkedrenewedinterest in improving thesafety
of light water reactors. Accordingly, the events have called for
research on nuclear fuels that increase safety margins with
enhanced tolerance. To achieve such enhanced tolerance, the
development of new fuels focuses on aspects such as lowering
operating temperatures, slowing hydrogen generation rate,
enhancing the retention of the fission product, etc. [1].
Recently, a fully ceramicmicroencapsulated (FCM) fuel has
been proposed as a fuel with enhanced accident toleranceda
so-calledaccident-tolerant fuel [2,3]. Theconceptof FCMfuel is
based on a proven safety philosophy that has been utilized
operationally in high-temperature gas-cooled reactors
(HTGRs). As shown in Figs. 1 and 2, nuclear fuel is contained
within several layers of ceramic coating in a tristructural
isotropic (TRISO) particle and the FCM fuel consists of TRISO
particles randomly dispersed in a silicon carbide (SiC) matrix.
Thishighheterogeneity in compositionprovidesadvantages in
terms of safety features of the fuel, such as good thermal
conductivity, radiation damage resistance, environmental
stability, and proliferation resistance [2,3]. However, the het-
erogeneous composition also leads to difficulty in geometrical
modeling for explicit thermal analyses of the FCM fuel.
Therefore, anappropriatehomogenizationmodel isnecessary.
For a fuel element of HTGRs with a similar configuration to
the FCM fuel element, volumetric-average thermal conduc-
tivity was used [4,5]. However, this volumetric-average ther-
mal conductivity model is not conservative in which the
obtained temperature profiles are lower than the real values.
Moreover, this model is unable to distinguish between fuel-
kernel and matrix temperatures.
For the thermal analysis of research reactor fuels, where
nuclear fuel particles are randomly dispersed in the matrix, a
modified Hashin and Shtrikman correlation [6,7] is used. It is
based on the effectivemedium theory (withinWiener bounds)
[8] that pertains to analytical modeling to describe theFig. 1 e Configuration of the TRISO particle [18]. Reproduced fro
fully ceramic microencapsulated fuel loaded reactor core via tw
Ann. Nucl. Energy 76 (2015) 283e296, copyright at Elsevier, 201macroscopic properties of the constituentmaterials. Since the
model was developed for composite materials consisting of
just two constituent materials, it is difficult to apply it to fuels
with TRISO particles. This model is also unable to distinguish
between fuel-kernel and matrix temperatures.
Recently, a method for homogenization of thermal con-
ductivities in compact and block-type fuels in HTGRs was
proposed [9]. This work is based on a two-scale asymptotic
expansionmethod. It givesmore realistic temperature profiles
than those from the volumetric-average thermal conductivity
model. However, this model is applicable to fuels with am Y. Lee, N.Z. Cho, Steady- and transient-state analyses of
otemperature homogenized thermalconductivity model,
5.
Fig. 3 e Concept of harmonic- and volumetric-average
thermal conductivities. (A) Harmonic average. (B)
Volumetric average.
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TRISO particles are randomly distributed.
We have proposed a two-temperature homogenizedmodel
for randomly distributed TRISO fuels using the particle trans-
port Monte Carlo method devised for heat conduction prob-
lems [10e14]. With explicit modeling of a fuel element, a
particle transportMonte Carlo calculation is performed via the
HEATONprogram [15], which is aMonte Carlo heat conduction
calculation program based on MCNP 5 as the major computa-
tion engine. The homogenized parameters are obtained
by “matching” steady-state analytic solutions of a two-
temperature homogenized model for the fuel element with
the results of the HEATON calculation. Using the parameters
thusobtainedandsolving theheat conductionequationsof the
model, we can distinguish between fuel-kernel and SiCmatrix
temperatures.Moreover, the temperature profilesobtainedare
more realistic than those of the volumetric-average model.
The authors have applied themodel to the thermal analysis of
theHTGR fuel element [16] and the FCM fuel element [17,18]. In
thismodel,we candistinguish between fuel-kernel andmatrix
temperatures. In previous works [17,18], the authors applied
this model to FCM fuels in which TRISO particles are distrib-
uted in a coarse latticewith a centered sphere structure [19]. In
addition, in the works of Lee and Cho [17,18], the model was
applied to FCM fuels with UO2 kernels.
Recently, we have applied the two-temperature homoge-
nizedmodel to the FCM fuel element in which TRISO particles
are randomly distributed in a fine lattice stochastic (FLS)
structure [20], which is more random than the coarse lattice
with a centered sphere structure. At the Reactor Physics Asia
2015 Conference, we presented preliminary results comparing
this model with harmonic- and volumetric-average thermal
conductivity models, in terms of temperature profiles.
In this paper, first, the two-temperature homogenized
model is applied to the FCM fuel with uranium nitride (UN)
kernels, which is currently considered as the kernel material
due to its high density. The UN kernels lead to a fuel cycle
length that is comparable with that of conventional UO2 fuel.
In addition, temperature-dependent homogenized parame-
ters are obtained with temperature-dependent thermal con-
ductivities of the SiC matrix, which is the major heat
conduction medium in the FCM fuel. The data are now avail-
able from Terrani et al. [21] study. In a previous work [18], we
considered the thermal conductivity of the SiC matrix to be
temperature independent. This model is also coupled with a
reactor analysis module in COREDAX based on the analytic
function expansion nodal method for the neutron diffusion
model [22], in order to analyze the FCM fuel-loaded reactor in
which TRISO particles are distributed in the FLS structure. The
results are compared with those from the harmonic- and
volumetric-average thermal conductivity models.
This paper is composed of two parts. Part I consists of a
description of the two-temperature homogenized model for
the FLS structure and conventional models for thermal anal-
ysis of composite materials that are used to compare the re-
sults of analysis of the FCM fuel-loaded reactor in Part II [23].
Part II deals with coupling of the two-temperature homoge-
nizedmodelwith a reactor analysismodule inCOREDAXbased
on the analytic function expansion nodal method for the
neutron diffusion model.Part I of the paper is organized as follows: Section 2 provides
a brief description of the harmonic- and volumetric-average
thermal conductivity models; Section 3 describes the two-
temperature homogenized model for the FCM fuel elements in
which TRISO particles are distributed in the FLS structure; and
finally, discussions and conclusions are provided in Section 4.2. Harmonic-andvolumetric-average thermal
conductivity models for the FCM fuel element
Harmonic-andvolumetric-averagethermalconductivitymodels
are based on the effective thermal conductivity. The Wiener
boundsconfine theeffective thermal conductivityofacomposite
[8]. The following harmonic- and volumetric-average thermal
conductivities serve as lower and upper bounds, respectively:
Harmonic average : k ¼ VP
Vi=ki
(1)
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Fig. 5 e Temperature dependence (rc) of the FCM fuel
element. FCM, fully ceramic microencapsulated.
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P
Viki
V
(2)
where i is the material index of the composite.
The concept of the harmonic- and the volumetric-average
thermal conductivities is illustrated in Fig. 3.
The physical meaning of the harmonic-average thermal
conductivity is that heat flux is parallel to the direction of the
constituent materials mixed, as shown in Fig. 3A. In order to
transfer heat to the right from the left in Fig. 3A, heat flux
should flow through all constituent materials. Therefore, the
harmonic-average thermal conductivity is the lowest thermal
conductivity among all models.
By contrast, the physical meaning of the volumetric-
average thermal conductivity is that heat flux is perpendic-
ular to the direction of the constituent materials mixed, as
showninFig. 3B. In thiscase, theheatfluxcanchooseoneof the
constituentmaterials toflowfromleft to right. Thismeans that
the thermal resistivity is the lowest among all cases of the
materials. Therefore, the volumetric-average thermal con-
ductivity is thehighest thermalconductivityamongallmodels.
In a real composite, the constituent materials are com-
bined in various directions, i.e., a mixture of parallel and
perpendicular directions to the heat flux. Therefore, the value
of the real effective thermal conductivity for a composite
material lies between the values of the harmonic average and
the volumetric average.
For the FCM fuel element, with a typical packing fraction of
0.361, the temperature-dependent, harmonic- andvolumetric-
average thermal conductivities are shown in Fig. 4.
Density specific heat (rc) for the FCM fuel is calculated by the
volume-weighted average of the (rc) of the constituent mate-
rials of the FCM fuel, and the results are shown in Fig. 5. The
detailed geometry [27,28], thermal conductivities, and (rc) of
the constituentmaterials are listed in Table 1 [21,24,25,29e31].
For calculating theharmonic- andvolumetric-average thermal
conductivities, thermal conductivities of UN, shown in Fig. 6,
are considered to be temperature dependent. In addition, the
thermal conductivities of the SiC matrix, shown in Fig. 7, are
considered to be irradiated, since they are saturated to the
irradiated case for short time operation of the reactor [21].600 900 1,200 1,500 1,800 2,100
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Fig. 4 e Temperature-dependent harmonic- and
volumetric-average thermal conductivities for the FCM
fuel. FCM, fully ceramic microencapsulated.In Fig. 6, the thermal conductivity of UN is compared to
that of UO2. The thermal conductivity of materials involves
two primary mechanisms: atomic vibration and electronic
transport. For a typical ceramic fuel, e.g., UO2, atomic vibra-
tion is the dominant mechanism of thermal conductivity.
Hence, thermal conductivity decreases with temperatures
owing to increasing vibration of the crystal lattice. In contrast
to UO2, thermal conductivity of UN increases with tempera-
ture owing to the transport of a large number of electrons [32].
Thermal conductivity of the UN kernel [25], International
Atomic Energy Agency (IAEA) model for (rc) of the UN kernel
[25], and Snead's model for (rc) of SiC [26] are expressed in Eqs.
(3)e(5), respectively:
kkernelðTÞ ¼ 1100

1:3720:41

(3)
ðrcÞkernelðTÞ ¼ 3:766 105$Tþ
3:766 109
T2
expð18081=TÞ
þ 0:2029

365:7
T
2 expð365:7=TÞ
½expð365:7=TÞ  12 (4)
ðrcÞSiCðTÞ ¼ 2:9621þ 0:0012$T 2:5363 107$T2 
1:0223 105
T2
(5)
where T: temperature in K; 2 ¼ T e 273.15, temperature in C;
and t ¼ T/1,000.Table 1 e FCM fuel pellet configurations.
Layers Radius (cm) ki (W/cm K) (rc)i (J/cm
3 K)
Kernel (uranium
nitride)
0.0425 Fig. 6 Eq. (4)
Buffer 0.0475 0.005 0.00165
Inner PyC 0.0510 0.04 0.00255
SiC 0.0545 0.1 Eq. (5)
Outer PyC 0.0580 0.04 0.00255
SiC matrix 0.05801 Fig. 7 (irradiated
case)
Eq. (5)
FCM, fully ceramic microencapsulated; PyC, pyrolytic carbon; SiC,
silicon carbide.
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Fig. 8 e Two-temperature homogenized model for the FCM
fuel element. FCM, fully ceramic microencapsulated.
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the FCM fuel element
3.1. Description of the model for the FCM fuel element
with randomly distributed TRISO particles
Fig. 8 shows a heterogeneous FCM fuel element in which
TRISO particles are distributed in the FLS structure. In the FLS,
the fuel pellet is divided into small cubes of particle size, and
randomly choose this fine cube and place a particle there as
many as allowed by packing fraction. Rather than the het-
erogeneous configuration, we wish to construct a homoge-
nized FCM fuel as a model.
In thehomogenizedmodel, the FCMpellet region of the fuel
element is represented by an imaginary homogeneous me-
dium characterized by two temperatures. The medium repre-
senting fuel kernels is characterized by thermal conductivity
kf, temperature Tf, and density  specific heat in the fuel ker-
nels (rc)f. Similarly, the medium representing the coating
layers of the TRISO particles and the SiC matrix surroundingthe particles (which is denoted as SiC matrix in the remainder
of this paper) is characterized by thermal conductivity km,
temperature Tm, and density  specific heat in the SiC matrix
(rc)m. To consider the heat conduction from the fuel kernels to
the SiCmatrix, we introduce a new parameter m. We refer to kf,
km, m, (rc)f, and (rc)m as homogenized parameters.
In the homogenized FCM pellet region, using the five ho-
mogenized parameters (kf, km, m, (rc)f, and (rc)m), wewrite heat-
conduction equations for the fuel kernels and SiC matrix,
respectively, as follows:
VkfVTf  m

Tf  Tm
þ q000 ðtÞ ¼ ðrcÞfvTfvt (6)
VkmVTm þ m

Tf  Tm
 ¼ ðrcÞmvTmvt (7)
where q
000
(t) is the power density in the homogenized FCM
pellet, obtained by a process of homogenization as follows:
q
000 ðtÞ ¼
P
i
q
000
fi ðtÞVfi
Vfm
(8)
and.q
000
fi ðtÞ: power density of the ith fuel kernel in the hetero-
geneous FCM pellet; Vfi: volume of the i
th fuel kernel; and Vf-m:
volume of the FCM pellet.
It is assumed that heat transfer between the two imaginary
media is caused by the temperature difference. In order to
assess the effect of suchheat transfer, Eqs. (6) and (7) include an
additional term, mðTf  TmÞ, in the general heat conduction
equation.
In the helium gap and cladding, which are already homo-
geneous, thermal conductivities are then retained as kh, and
Table 2 e Maximum temperature in the fuel kernel, SiC
matrix, helium gap, and cladding for various values of Af.
Af Maximum temperature (K)
Fuel kernel SiC matrix Helium gap Cladding
0 857.6 835.4 657.6 583.0
0.03 854.1 831.8 654.5 582.2
0.05 851.7 829.4 652.4 581.6
0.07 849.3 827.0 650.4 581.0
SiC, silicon carbide.
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Tc, respectively:
VkhVTh ¼ ðrcÞh
vTh
vt
(9)
VkcVTc ¼ ðrcÞc
vTc
vt
(10)
where (rc)h and (rc)c are density  specific heat in the helium
gap and cladding, respectively.
The interface and boundary conditions are also written as
follows:
(1) At the interface between the FCM pellet and the helium
gap, we require a heat flux continuity condition
expressed as follows:
khVTh ¼ AfkfVTf AmkmVTm (11)
whereAf andAm refer to the fractions of the effective interface
areas of the fuel kernels and SiC matrix, respectively, inter-
facing with the helium gap inner surface.
The area fractions in Eq. (11) involve an elusive concept
other than their summation being unity. In this study, we
assume that the effective interface areas for the fuel kernels
and SiC matrix are proportional to volume of the fuel-kernels
to two-third and that of SiC matrix in the pellet.
Sensitivity studies were performed for various values of Af.
Temperature profiles and the maximum temperatures of the
fuel kernel, SiCmatrix, helium gap, and cladding are shown in
Fig. 9 and Table 2.
As shown in Fig. 9 and Table 2, for a typical packing fraction
that is in the range of 0.3e0.5, the temperature profiles in the
pellet and other regions of the fuel elements are not affected
significantly by the values of Af (a reasonable value is 0.05).
(2) At the interface between the helium gap and SiC clad-
ding, a conventional heat flux continuity condition is
used as follows:
khVTh ¼ kcVTc (12)0.0 0.1 0.2 0.3 0.4 0.5
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Fig. 9 e Comparison of the temperature profiles for various
values of Af. FCM, fully ceramic microencapsulated.
Fig. 10 e HEATON modeling for the FCM fuel element with
an FLS configuration. (A) Radial view. (B) Axial view. FCM,
fully ceramic microencapsulated; FLS, fine lattice
stochastic.
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coolant, a convective boundary condition is used as
follows:
kcVTc ¼ hðTcb  T∞Þ (13)
where h is the heat transfer coefficient of the coolant and T∞ isthe coolant bulk temperature.3.2. Calculation of temperature-dependent homogenized
parameters
To obtain the parameters of kf, km, and m, we perform a steady-
state Monte Carlo heat conduction calculation using the
HEATONprogramwith explicitmodeling of theheterogeneous
FCM fuel pellet configuration, to obtain the reference solutions
[10e15]. In this calculation, TRISO particles in the pellet are
explicitly modeled and distributed in an FLS structure, as
shown in Fig. 10. The detailed geometry [27,28] and material
properties [29e31] used in this study, and the computational
conditions of the HEATON calculations are listed in Table 3. In
the HEATON calculations, boundary conditions in the radial
and axial directions are set to be insulated.
In the steady state, the right-hand sides of Eqs. (6), (7), (9),
and (10) become equal to zero. After some algebra, we can
obtain analytic solutions of Eqs. (6), (7), (9), and (10) for an
infinite cylindrical geometry, as follows:
TmðrÞ ¼ c1
I0
 ﬃﬃﬃﬃ
A
p
r

A
 B
4A
r2 þ c4 (14)
Tf ðrÞ ¼ km
m

c1I0
 ﬃﬃﬃﬃ
A
p
r
	
 B
A


þ TmðrÞ (15)
ThðrÞ ¼ c5 lnðrÞ þ c6 (16)
TcðrÞ ¼ c7 lnðrÞ þ c8 (17)Table 3 e Information on the unit FCM fuel element and comp
Materials
Radius (cm)
Length of unit cell (cm)
Pellet radius (cm)
Gap Material
Radius (cm)
Heat transfer coefficient (W/cm2 K)
Cladding Material
Radius (cm)
Thermal conductivity (W/cm K)
Coolant Bulk temperature (K)
Extrapolation length (cm)
Heat transfer coefficient (W/cm2 K)
Pitch (cm)
Packing fraction
Number of histories in HEATON calculation
Scaling factor
FCM, fully ceramic microencapsulated; PyC, pyrolytic carbon; SiC, siliconwhere I0 ¼ zeroth order modified Bessel function of the first
kind
A ¼ m

kf þ km

kf km
>0; B ¼ mq
000
kf km
>0 (18)
There are unknown coefficients c1, c4, c5, c6, c7, and c8 in the
solution forms of Eqs. (14e17). To determine the coefficients,
we apply the following: (1) a convective boundary condition at
the cladding surface; (2) the continuity of heat flux from the
fuel kernel and SiC matrix, to the helium gap at the pellet
surface, as expressed in Eq. (11); (3) the continuity of Tm(r) and
Th(r) at the pellet surface; and (4) the continuity of Th(r) and
Tc(r) at the cladding inner surface.
The next step is to determine the homogenized parameters
kf, km, and m. The concept involved in determining the pa-
rameters is to “match” the analytic solutions for the homog-
enized FCM pellet obtained above with the results of the
HEATON calculation. The two solutions are matched through
the least squares of the differences between the two solutions
in the FCM pellet. In other words, the procedure finds the
parameters that minimize the following functional
expression:
F

kf ; km;m
 ¼X
i
h
Tf ;i  TMCf ;i
i2
þ
X
j
h
Tm;j  TMCm;j
i2
(19)
where i and j are the Monte Carlo tally region indices. The
calculation procedures are summarized in Fig. 11.
The homogenized parameters for the transient analysis,
(rc)f and (rc)m, are calculated using Eqs. (20) and (21) by pre-
serving the total enthalpies in the fuel kernels and SiC matrix,
respectively:
ðrcÞf ¼
P
i
Z
Vf ;i
dVðrcÞhetf ;i Thetf ;i
Z
Vfm
dVThomf
(20)utational condition for HEATON calculation.
Kernel/buffer/inner PyC/SiC/outer PyC/SiC matrix
0.0425/0.0475/0.0510
0.0545/0.0580
0.11602
0.4095
He
0.4180
1
SiC
0.4750
0.1
570
0.045
4.223
1.26
0.361
10,000,000
50
carbide.
Fig. 11 e Calculational procedures to obtain homogenized parameters (kf, km, m).
3.00
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P
j
Z
Vm;j
dVðrcÞhetm;j Thetm;j
Z
Vfm
dVThomm
(21)
where Thetf ;i and T
het
m;j are the results from the HEATON
calculations.
If we perform the procedures shown in Fig. 11 and Eqs. (20)
and (21) with the temperature-dependent thermal properties
of the constituentmaterials in the FCM fuel pellet, as shown in
Table 1, we can obtain temperature-dependent homogenized
parameters, as shown in Figs. 12 and 13. The modeling
equations for the temperature-dependent homogenized pa-
rameters are expressed as follows:
kf ðTÞ ¼ a0 þ a1$Tþ a2$T2 þ a3$T3 þ a4$T4 þ a5$T5 (22)
kmðTÞ ¼ a0 þ a1$Tþ a2$T2 þ a3$T3 þ a4$T4 þ a5$T5 (23)600 900 1,200 1,500 1,800 2,100
0.000155
0.000160
0.000165
0.000170
0.000175
0.055
0.060
0.065
0.070
0.075
C
ou
pl
in
g 
co
ef
fic
ie
nt
 (W
/c
m
K
)
Th
er
m
al
 c
on
du
ct
iv
ity
 (W
/c
m
K
)
Temperature (K)
 kf
 km
μ
7.6706
7.6708
7.6710
7.6712
7.6714
7.6716
Fig. 12 e Temperature-dependent homogenized
parameters (kf, km, m).mðTÞ ¼ a0 þ a1$Tþ a2$T2 þ a3$T3 þ a4$T4 þ a5$T5 (24)
ðrcÞf ðTÞ ¼ a0 þ a1$Tþ a2$T2 þ a3$T3 þ a4$T4 þ a5$T5 (25)
ðrcÞmðTÞ ¼ a0 þ a1$Tþ a2$T2 þ a3$T3 þ a4$T4 þ a5$T5 (26)
where T is temperature in Kelvin in Eqs. (3e5), while the co-
efficients used in Eqs. (22e26) are listed in Table 4.
Homogenized parameters from the HEATON calculations
and those fitted by Eqs. (22e26) show good agreements, i.e.,
the differences are less than ~0.5%, as indicated by the error
bars in Figs. 12 and 13, since 107 histories are used in order to
minimize the stochastic errors in the HEATON calculations.
Note that the homogenized parameters obtained in this
study are insensitive to the random arrangements with the
same packing fraction. Sensitivity studies show that600 900 1,200 1,500 1,800 2,100
0.4
0.5
0.6
0.7
0.8
2.00
2.25
2.50
2.75
(
c)
 (J
/c
m
3 K
)
Temperature (K)
 (ρ
ρ
c)f
 (ρc)m
Fig. 13 e Temperature-dependent homogenized
parameters [(rc)f, (rc)m].
Table 4 e List of coefficients in Eqs. (22e26).
Coefficient Eq. (22) Eq. (23) Eq. (24) Eq. (25) Eq. (26)
a0 1.7630Ee04 8.3634Ee02 7.6721Eþ00 1.5810Ee01 1.7574Ee01
a1 5.1550Ee09 2.5845Ee05 4.9082Ee07 1.1300Ee03 6.6300Ee03
a2 4.5436Ee23 1.1642Ee08 2.7521Ee09 1.5742Ee06 8.0928Ee06
a3 3.2616E-26 2.4503Ee12 4.0776Ee12 1.1934Ee09 5.4314Ee09
a4 1.2136Ee29 2.3154Ee30 2.2298Ee15 4.6203Ee13 1.8469Ee12
a5 1.7119Ee33 1.4213Ee34 4.2362Ee19 7.4705Ee17 2.4785Ee16
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ference in the homogenized parameters, yielding ~5 K differ-
ence in terms of temperature profiles.
In Part I, we discussed the two-temperature homogenized
model for the FCM fuel in which TRISO particles are
randomly dispersed. The two-temperature homogenized
model for the FCM fuel element was obtained by a particle
transport Monte Carlo calculation applied to the pellet region
consisting of TRISO particles randomly dispersed in a SiC
matrix. Homogenized parameters in the model were ob-
tained by (1) matching steady-state analytic solutions of the
model with the results of particle transport Monte Carlo
method for heat conduction problems and (2) preserving total
enthalpies in the fuel kernels and SiC matrix, respectively.
The homogenized parameters have two desirable properties:
(1) they are insensitive to boundary conditions such as
coolant bulk temperatures and the thickness of cladding, and
(2) they are independent of operating power density. Thus,
with one reference heterogeneous calculation, the parame-
ters can be applied to various cases of the FCM fuel elements
having different cladding thicknesses, coolant bulk temper-
atures, and operating power densities. By performing the
Monte Carlo calculations with the temperature-dependent
thermal properties of the constituent materials of the FCM
fuel, temperature-dependent homogenized parameters were
obtained.
The homogenized parameters obtained in this study are
insensitive to random arrangements with the same packing
fraction. There is < 1% difference in the homogenized pa-
rameters depending on the random arrangement, which
yields ~5 K difference in terms of temperature profiles.
Since the two-temperaturehomogenizedmodel is obtained
by heterogeneous calculations of the FCM fuel element via the
particle transport Monte Carlo calculation, thismodel can give
more realistic temperature profiles in the pellet. Moreover, it
can distinguish between fuel-kernel and SiC matrix tempera-
tures.Especially, theavailabilityof the fuel-kernel temperature
profile will allow incorporation of Doppler temperature feed-
back more realistically in transient scenarios.
Part II describes a reactor core loaded by FCM fuels, in
which TRISO particles are randomly distributed in FLS struc-
tures. This reactor core is analyzed via the two-temperature
homogenized model at steady and transient states, coupling
the two-temperature homogenized model with the COREDAX
neutron diffusion model.Conflicts of interest
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